The bacteriocin haemocin (HMC) is produced by most type b strains of Haemophilus influenzae, including strains determined to be genetically diverse, and is toxic to virtually all non-type b strains of H. influenzae, both encapsulated and non-encapsulated. Examination of the deduced amino acid sequences of several genes upstream of the previously identified HMC immunity gene (hmcl) revealed several features common to class II bacteriocins of certain Gram-positive bacteria. Mutagenesis of the open reading frame immediately upstream of hmcl resulted in a loss of the HMC production phenotype. When an HMC-producing strain of H. influenzae and the HMC-deficient isogenic mutant were compared for invasion in the infant-rat model, the HMC-producing strain was found to invade significantly earlier; however, a significantly higher number of rats infected with the isogenic mutant became bacteraemic as compared with those infected with the HMCproducing parent.
INTRODUCTION
Most type b encapsulated strains of Haemophilus influenzae, including strains demonstrated to be H M C production and export.
previously described the cloning and characterization of hmd, the H M C immunity gene (Murley et al., 1997) ; however, little is known about the genes responsible for genetically diverse bymultilocus enzyme electrophoresis (Musser et al., 1986) , produce the bacteriocin haemocin (HMC), which is toxic in vitro to virtually all non-type b strains of H . influenzae, both encapsulated and nonencapsulated (LiPuma et al., 1990; Venezia & Robertson, 1975; Venezia et al., 1977) . The exclusive production of H M C by type b encapsulated H . influenzae and the notable absence of H M C production by non-type b H . influenzae suggest that HMC may play a role in the pathogenesis of infections due to type b H . in fluenzae.
As is the case with many bacteriocins, the production of HMC likely involves several genes responsible for production, processing, export and immunity. We Stull et al. (1984) Catlin et al. (1973) This study Musser et al. (1986) Promega Str a tagene Martinez et al. (1988) This study
This study
'' Hmc+ and Hmc-, HMC producer and non-producer, respectively; Imm+ and Imm-, HMC immune and HMC susceptible, respectively ; Str', streptomycin resistance ; Rb', ribostamycin resistance ; Cb', carbenicillin resistance; Cm', chloramphenicol resistance.
plates. Both E. coli and H . influenzae cultures were grown at 37 "C; agar plates were incubated with 5 '/o CO,. Bacteriocin production and susceptibility assays. H M C production (Hmc' phenotype) was assayed as described previously (LiPuma et al., 1990) . In brief, approximately lo5 c.f.u. of HMC-susceptible H. influenzae Rd were spread onto sBHI agar. This lawn was overstreaked with the H . influenzae test strain and, after overnight incubation at 37 "C, a clear zone surrounding the test strain was indicative of H M C production. Conversely, immunity or susceptibility to H M C (Imm+ and Imm-, respectively) was detected by overstreaking a lawn of the test strain with H . influenzae E l a (Hmc+ Imm+). DNA techniques and nucleotide sequencing. H . influenzae strains were made competent for DNA transformation with M-IV minimal medium as described by Herriott et al. (1970) . Competent E. coli strains were either purchased (Gibco-BRL) or prepared by the method described by Hanahan (1983) . Total bacterial genomic DNA was isolated as previously described (Stull et al., 1988) and plasmid DNA was isolated with alkaline sodium dodecyl sulfate (SDS) (Birnboim & Doly, 1979) or Wizard Minipreps (Promega). Restriction endonucleases and modifying enzymes (Gibco-BRL ; New England Biolabs) were used according to the manufacturer's instructions or by the techniques described by Sambrook et al. (1989) . An ORF4-deficient mutant was created by allelic exchange between a mutant of pH123 that had TSTE, a derivative of Tn5 (Sharetzsky et al., 1991) (M. J. Research) at 94 "C for 1 min, 50-55 "C for 1 min and 72 "C for 1-2 min for a total of 25 cycles. Inverse PCR was done as described by Ochman et al. (1990) by using either selfligated Sau3AI-or SspI-digested Hmc+ H . influenzae Ela chromosomal DNA as PCR template. Outer-membrane protein, lipooligosaccharide and polysaccharide capsule analyses. Outer-membrane proteins (OMPs) were prepared from sonicated mid-exponential-phase organisms by extraction with Triton-X, resolved by SDS-PAGE and stained with Coomassie brilliant blue, as described previously (Stull et al., 1984) . Lipooligosaccharide (LOS) was examined by SDS-PAGE of whole cell lysates as described by Kimura & Hansen (1986) .
Cell-associated capsular polysaccharide quantities were assessed by the limiting-dilution capsular latex agglutination assay (Bishai et al., 1994) . In brief, serial dilutions of midexponential-phase bacteria were made and the highest dilution demonstrating agglutination was recorded. The serial dilutions were also cultured onto sBHI and the number of bacteria causing agglutination was calculated. Infant-rat studies. Two-day-old pups, born of timed-pregnant Sprague-Dawley rats (Harlan), were pooled, randomly reassigned to mothers, and maintained in microisolator cages in a biocontainment facility to prevent cross-contamination. At 5 d of age, rats were intranasally inoculated with approximately lo7 bacteria suspended in 10 pl PBS supplemented with 0.1 '/o gelatin (PBS-G) (Moxon et al., 1974; Moxon & Vaughn, 1981) . Ten microlitres of blood was obtained from each pup via repeat cardiac punctures at 1, 2, 3, 4 and 7 d after intranasal inoculation and cultured on sBHI agar. After day 7, blood cultures were taken every 4 d until each rat was no / ' heat-inactivated foetal bovine serum (Life Technologies) and 2 mM L-glutamine (BioWhittaker). Chang epithelial cells [Wong-Kilbourne derivative, clone 1-5c-4 (human conjunctiva) (ATCC CCL 20.2)] and HEp-2 cells (ATCC CCL 23) were maintained in modified Eagle's medium (Cellgro) supplemented as above. For cytotoxic studies, approximately lo5 tissue culture cells were seeded into each well of a 24-well tissue culture plate and grown to near confluence at 37 "C in 5 % CO,. Before the addition of bacteria, the wells were washed twice with Dulbecco's PBS (Life Technologies) and 500 pl fresh cell culture medium was added. Bacterial cultures were grown to late exponential phase, washed once in PBS and suspended to approximately lo9 c.f.u. ml-'. Ten microlitres of the bacterial suspension was added to a tissue culture well and the plate was incubated at 37 "C for 20 h. The culture supernatants were collected and the cells were then washed twice with PBS and detached from the well with 100 pl trypsin (Sigma). The detached cells were added to the culture supernatants, and the suspension was centrifuged at 1OOOg and washed twice in PBS. Cells were stained by suspending the pellet in a solution of 0-8 pM EthD homodimer/20 nM Calcein AM (Molecular Probes Live/Dead Viability/Cytotoxicity kit). The ratio of live to dead cells was determined by FACS analysis (FACScan, Becton Dickinson Immunocytometry Systems). All experiments were done in triplicate.
RESULTS

Cloning and DNA sequence analysis of the HMC locus
The previously cloned 1.5 kbp locus from Hmc+ H . influenxae type b strain E l a contained the H M C immunity gene, hmcl, as well as two open reading frames (ORFs) with no significant homology to sequences in available databases (Fig. l a ) (Murley et al., 1997 (Fleischmann et al., 1995; Genetics Computer Group, 1994 
, characteristic of class I1 bacteriocin proteins Klaenhammer, 1993) , suggesting that this gene encodes the H M C structural protein. Processing of the putative 90 aa prehaemocin at this double-glycine consensus site would result in a 40 aa mature bacteriocin with a predicted molecular mass of 5.0 kDa and an estimated PI of 10.2.
Analysis of the complete ORF3 revealed a putative 235 aa protein with regions of homology to the ATPbinding cassette (ABC) family of bacterial transporters. Specifically, the predicted protein contains both the A and B sites characteristic of the catalytic domain of these proteins (Fath & Kolter, 1993) .
Based on these similarities to the bacteriocin transporter genes, ORF2 and ORF3 were designated hmcC and hmcB, respectively.
Further upstream, ORF1, encoding a putative 297 aa protein, was found to have no significant homology to DNA or protein sequences registered in the National Center for Biotechnology Information-National Library of Medicine databases nor the H . influenzae Rd genome (Fleischmann et al., 1995 
ORF2 ( 
Construction of an ORF4-deficient mutant
Because of the presence of the double-glycine leader sequence in ORF4, we sought to examine the role of this ORF in H M C production. This was done by creating an ORF4-deficient mutant using TSTE (LiPuma et al., 1992) . Southern blot analysis of EcoRI-digested chromosomal DNA from Ela and the ORF4 insertion mutant, designated H206, confirmed the insertion of the 2.2 kbp cassette into the chromosome of Ela (Fig. 2a) . Phenotypic analysis of H206 using the previously described lawn assay (Murley et al., 1997) revealed that it remained H M C immune, indicating expression of hmcl downstream of the insertion cassette. However, H206 no longer produced H M C (Fig. 2b) . H206 was then complemented with a recombinant plasmid containing both ORF4 and hmcl in pSU2718 (Martinez et al., 1988) (designated pShmcAI). Although H M C activity was detected in the complemented mutant, it was not fully restored to wild-type levels (data not shown). Based on the mutagenesis results and the presence of the doubleglycine leader consensus sequence, ORF4 was designated hmcA, the H M C structural gene.
Subcloning of the HMC locus
To determine if the cloned H M C gene cluster was sufficient for H M C expression, the entire 2.8 kbp locus was cloned into pGEM-Teasy (Promega) and transformed into E. coli DHSa. Transformants did not express H M C as determined by using the lawn assay. To determine if this lack of H M C expression was due to the failure of E. coli to export H M C properly, lysates of E. coli cells containing the cloned locus were also assessed for H M C activity; no activity was observed (data not shown).
The 2.8 kbp locus was then cloned into the E. coli/H. influenzae shuttle vector pSU2718 (Martinez et al., 1988) . Although pSU2718 without an insert was readily transformed in Rd, several attempts to transform the recombinant plasmid into Hmc-H . influenzae strain Rd influenzae Rd (Hmc-Imm-) was overstreaked with E l a (A) and H206 (B). HMC production is indicated by a clear zone around the test strain.
were not successful. We suspected that the H M C locus might be lethal when cloned in greater than single copy number. While pShmcAI was successfully transformed into Rd, a recombinant plasmid containing pSU2718 with hmcD, C and B could not be transformed into Rd, despite numerous attempts, suggesting that this region may be responsible for the failure to clone the entire 2.8 kbp H M C locus into an H . influenzae host.
Outer-membrane protein, lipooligosaccharide, capsule and growth-rate analyses
Hmc+ Ela and Hmc-H206 were compared by examining features that may contribute to virulence. Analysis by SDS-PAGE revealed no apparent differences between the respective OMP and LOS preparations (data not shown). Moreover, Ela and H206 were found to express comparable levels of capsule and demonstrated identical growth rates (data not shown). 
Infant-rat studies
To examine the effects of the hmcA mutation on virulence of H . influenzae in uiuo, Ela was compared to H206 in the infant-rat model of invasive disease. Overall a significant difference in rates of bacteraemia was detected: 69 % of rats inoculated with E l a and 100 70 of rats inoculated with H206 became bacteraemic during the course of the study (P<O*OOl, Mann-Whitney Utest). However, among the rats that became bacteraemic, those infected with E l a had a significantly earlier median onset of bacteraemia than rats infected with H206 (4.0 d and 9-7 d, respectively, P < 0.002). No significant difference ( P > 0-0.5) was found in the duration of bacteraemia nor in the mean peak level of bacteraemia between the two groups (data not shown).
When infant rats were given equal quantities of Ela and H206, 16 of 19 (84%) rats receiving mixed cultures became bacteraemic. Of the 16 bacteraemic rats, eight (50%) had a pure culture of Ela, seven (44%) had a pure culture of H206 and one (6%) had a mixed-blood culture. Again, the median onsets of bacteraemia were significantly different ( P < 0.01) between the rats from which E l a was recovered (2-2 d) and those from which H206 was recovered (10 d).
Cytotoxic effects of Ela and H206
Evidence suggests that H . influenzae damages epithelial cells at the mucosal surface, and that this may be an early event in the pathogenesis of invasion (Farley et al., 1986; Read et al., 1991; Wilson et al., 1992) . We hypothesized that the earlier onset of bacteraemia observed with Hmc' Ela, as compared with Hmc-H206, in the infant-rat studies may be the result of HMC-mediated epithelial damage. As a preliminary investigation of this hypothesis, we examined the cytotoxic effects of E l a and H206 on the epithelial cell lines A.549, Chang and HEp-2. For all three cell types, no differences in viability were detected after incubation with either Ela or H206 (Fig. 3) .
DISCUSSION
Four ORFs, which appear to be involved in the synthesis and export of HMC, were cloned upstream of the previously characterized hmcl gene. Immediately upstream of hmcI was hmcA, an ORF containing the double-glycine leader sequence characteristic of class I1 bacteriocins (Klaenhammer, 1993) , suggesting that this is the H M C structural gene .
Site-directed mutagenesis of this gene resulted in a loss of the H M C production phenotype, further supporting this conclusion. The possibility of a polar effect by the insertion of the cassette is not likely since the immunity gene, hmcl, immediately downstream of the mutation, has its own promoter (Murley et al., 1997) and was still expressed in the mutant.
The failure of hmcA in trans to rescue fully the H M C production phenotype is most likely due to the lack of a promoter upstream of hmcA. We suspect that, in addition to the promoter upstream of hmcl (Murley et al., 1997) , a second promoter responsible for the expression of the remaining HMC-related genes lies upstream, although further experiments are needed to confirm this.
We postulate that HmcA is synthesized as a 90 aa prepeptide, which is cleaved at the G-G sequence, yielding a mature bacteriocin. Whilst the 50 aa leader peptide is unusually large for this class of bacteriocins, the 40 aa active moiety is consistent with other class I1
bacteriocins (Klaenhammer, 1993) . It is also possible that HmcA is initiated from the GTG codon beginning at nt 2559. This would result in a 27 aa leader peptide, a size consistent with that observed in other class I1 bacteriocins (Nes et al., 1996) .
T o our knowledge, only two other bacteriocins from a Gram-negative organism, colicin V and microcin 24 (GenBank accession number U47048) (both from E. coli), have been shown to exhibit the double-glycine leader motif. The identification of the double-glycine motif in HmcA further establishes that this motif is not limited to Gram-positive organisms as was initially observed (Klaenhammer, 1993) .
Based on the presence of consensus sequences characteristic of the catalytic domains of class I1 export proteins (Fath & Kolter, 1993; Havarstein et al., 1995; Klaenhammer, 1993) , we propose that the two ORFs upstream of hmcA are involved in the cleavage and concomitant export of HMC. However, for previously characterized class I1 export proteins, both the proteolytic cleavage domain and the ATP-binding domain are located on a single protein, separated by a large membrane-spanning domain . For HMC processing, it appears that these two activities reside on different proteins. Because of the unusual nature of this arrangement, these ORFs were cloned from two Hmcf strains and sequenced several times, confirming this observation. Moreover, the combined size of both proteins (433 aa) is significantly smaller than that of other class I1 export proteins (usually > 700 aa).
Notably absent is the sizeable transmembrane domain. Thus, H . influenzae appears to have evolved a unique configuration for the cleavage and export of a class I1 bacteriocin. How these proteins localize to the cytoplasmic membrane is unclear. The microcin B17 ABC transporter protein McbF does not have a membranespanning domain and appears to localize to the cytoplasmic membrane by associating with a separate membrane-bound protein, McbE (Garrido et al., 1988) . Perhaps HmcC and HmcB similarly associate with an as yet unidentified membrane-bound protein, analogous to the microcin B17 system.
Upstream of hmcC, an 894 nt ORF encoding a putative 297 aa protein was found to have no homology to any proteins in available databases. Further studies examining the role of this ORF in HMC production are under way.
The reasons for the apparent failure of the 2.8 kbp locus to produce HMC in E. coli are unknown. It is possible that, as with several other bacteriocins, the expression of HMC requires a two-component regulatory system consisting of a response regulator, a histidine protein kinase and an induction factor (Diep et al., 1994 Huhne et al., 1996) . This hypothesis is supported by preliminary characterization in our laboratory of an HMC-deficient insertion mutant (data not shown). DNA flanking the insertion element in this mutant bears significant homology to genes in H . influenzae Rd identified as encoding PhoB and PhoR, the response regulator and histidine kinase of the E. coli Pho regulon, respectively (Fleischmann et al., 1995 ; Wanner, 1996) . This is currently under further investigation.
Interestingly, induction factors in class I1 bacteriocin systems also often have the double-glycine leader motif common to the bacteriocin structural genes (Nes et al., 1996) . In fact, pZnA was initially believed to be the plantaricin A structural gene, but was subsequently identified as the induction factor for the plantaricin A system (Nissen-Meyer et al., 1993; Diep et al., 1995) . Thus, we cannot rule out that HmcA is the induction factor for the HMC system rather than the structural gene. However, if the organization of the HMC system is similar to those of other bacteriocin gene clusters, the proximity of hmcA to the H M C immunity gene and putative transporter genes, rather than a response regulator or histidine protein kinase, make it seem more likely that hmcA is, in fact, the H M C structural gene.
A number of studies have examined the role of bacteriocins in virulence (Jett et al., 1992; O'Brien et al., 1996; Ozanne et al., 1977; Quackenbush & Falkow, 1979) . For example, the cytolysin/bacteriocin of Enterococcus faecalis contributes to the intraocular destruction seen in endophthalmitis (Jett et al., 1992) . Although the exact mechanisms by which this occurs are not known, the induction of inflammatory mediators may play a role (Jett et al., 1992) . Studies of the E. coli bacteriocin colicin V (ColV), indicate that ColV may act synergistically with endotoxin to increase the vascular permeability and inflammatory response in rabbits and guinea pigs (Ozanne et al., 1977) . Although studies using an isogenic ColV mutant showed that ColV had no effect on overall mortality when injected intraperitoneally in mice (Quackenbush & Falkow, 1979) , detailed studies on the effects of such a mutation on colonization and invasion following oral administration have not been reported.
The exclusive association of H M C production with type b encapsulated H . influensae, coupled with this organism's ability to invade, led us to speculate on the role of H M C in pathogenesis. The identification of hmcA, encoding the putative H M C structural gene, enabled us to explore this hypothesis. Phenotypic characterization of H206, including examination of OMP, LOS and polysaccharide quantities, as well as growth rates, revealed no apparent differences with that of the Hmc' parent strain Ela.
To examine the potential role of H M C in the pathogenesis of H . influenzae disease, in vivo studies using the infant-rat model were undertaken. Interestingly, 5-d-old rats infected with the isogenic mutant, H206, had a significantly higher overall incidence of bacteraemia than rats infected with wild-type Ela. By contrast, rats inoculated with Ela became bacteraemic significantly earlier than those receiving H206. The latter finding is consistent with another set of experiments in which infant rats received a mixed inoculum of Ela and H206; again, rats from which pure cultures of Ela were recovered had a significantly earlier median onset of bacteraemia than did rats from which pure cultures of H206 were recovered.
The reasons for these observations are not clear. It is possible that the earlier onset of bacteraemia observed in rats infected with the Hmc' wild-type strain may result from more efficient colonization of the nasopharynx (LiPuma et al., 1990) , an important early event in the pathogenesis of invasive H . influenxne. This could result from an inhibition by H M C of normal commensal flora in the rat nasopharynx. Cytotoxic events like the cessation of ciliary beating and sloughing of epithelial cells are early events in H . influenzae colonization that are believed to facilitate the ultimate invasion of the bloodstream by these organisms (Denny, 1974; Moxon et al., 1974; Ostrow et al., 1979; Read et al., 1991; Wilson et al., 1992) . To investigate if these cytotoxic effects were due, perhaps in part, to H M C production, potentially accounting for the later onset of bacteraemia in the infant-rat model, we compared Ela to H206 for cytotoxic effects against a variety of human epithelial cell lines. When Ela or H206 was incubated with A549, HEp-2 or Chang cells, no significant differences were found in live to dead ratios of epithelial cells as assessed by FACS analysis. These studies suggest that H M C does not contribute to gross cytotoxic effects. However, the assay used measures only those cytotoxic events which affect cell membrane integrity, so cytotoxic events affecting other cell properties were not specifically assessed.
Whilst it appears that H M C plays a role in the onset of invasive type b H . influenzae disease in the infant-rat model, it is clearly not essential for ultimate invasion.
Further in vitro studies investigating effects on ciliary activity (Denny, 1974; Wilson et al., 1985) and paracytosis (van Schilfgaarde et al., 1995) , and further in vivo studies to better elucidate the role of H M C in invasive H. influenzae disease, are needed.
